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Appendix A
Dye Trace Study Report



94

PRC Environmental Management, Inc. (PRC), received
an assignment from the U.S. Environmental Protection
Agency (EPA) to conduct a Superfund Innovative
Technology Evaluation (SITE) demonstration of the
Unterdruck-Verdampfer-Brunnen (UVB) groundwater
treatment system at Site 31, March Air Force Base (AFB),
California.  The demonstration was conducted by Roy F.
Weston, Inc. (Weston), in association with IEG
Technologies Corporation (IEG).  PRC completed field
evaluation activities in accordance with the Quality
Assurance Project Plan (QAPP) for the UVB demonstration
(PRC 1993).  One of the primary objectives of the
demonstration was to estimate the radius of circulation
cell of the UVB technology.  However, the UVB system’s
radius of circulation cell could not be meaningfully
estimated under the originally planned demonstration
activities due to a lack of contaminant concentration
reduction in the aquifer and the inapplicability of the
aquifer flow evaluation method (Jacobs straight-line
method) proposed in the QAPP.  Therefore, EPA
instructed PRC to perform a dye trace study to evaluate the
UVB technology’s area of influence.  PRC prepared a dye
trace study plan as an amendment to the QAPP to describe
the study approach, field procedures, and analytical
methods (PRC 1994a).

This report documents the field and analytical procedures,
results, and conclusions of the dye trace study drawn to
support the Innovative Technology Evaluation Report
(ITER) to be prepared for the UVB system.

A.1.1 Background

The UVB technology is an in situ groundwater
remediation technology that combines air-lift pumping
and air stripping to remediate aquifers contaminated with
volatile organic compounds.  A UVB system consists of a
single well with two hydraulically separated screened
intervals installed within a single permeable zone.  The

air-lift pumping occurs in response to negative pressure
introduced at the wellhead by a blower.  A mechanical
pump draws water into the well through the lower screened
portion of the well.  Simultaneously, air stripping occurs as
ambient air (also flowing in response to the vacuum) is
introduced through a sieve plate located within the upper
screened section of the well, causing air bubbles to form in
the water pulled into the well.  The rising air bubbles
provide the air-lift pump effect that moves water toward
the top of the well and draws water into the lower screened
section of the well.  This pumping effect is supplemented
by a submersible pump which ensures that water flows
from bottom to top in the well.  As the air bubbles rise
through the water column, volatile compounds are
transferred from the aqueous to the gas phase.  The rising
air transports volatile compounds to the top of the well
casing, where they are removed by the vacuum blower.
The blower effluent is treated before discharge using
granular activated carbon.

The transfer of volatile compounds is further enhanced by
a fluted and channelized column that increases the contact
time between the two phases and minimizes the
coalescence of air bubbles.

Once the upward stream of water leaves the stripping
reactor, the water falls back through the well casing and
returns to the aquifer through the upper well screen.  This
return flow to the aquifer, coupled with inflow at the well
bottom, circulates groundwater around the UVB well.  The
extent of the circulation pattern is known as the radius of
circulation cell, which determines the volume of water
affected by the UVB system.  A more detailed description
of the UVB system is presented in the ITER.

The hydraulic conductivity of the aquifer affects the radius
of circulation cell of the UVB system.  The UVB system
circulation cell includes both untreated and previously
treated groundwater, and its radius is directly proportional

A.1 Introduction
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to the ratio of the horizontal to vertical hydraulic
conductivity (Kh to Kv) of the aquifer.  Thus, larger ratio
values will result in a greater effective radius.  Based on
data contained in the draft report “March AFB IRP, Site
31, Aquifer Testing” (TETC 1993), the radius of
circulation cell (r

o
) was estimated to be 60 feet (18.3

meters [m]) (see Appendix A), and aquifer characteristics
values were calculated for transmissivity (T, 6,800 gallons
per day per foot [gpd/ft] [9.75 x 10-4 meters squared per
second {m2/s}]) and Kh (90.5 gallons per day per foot
squared [gpd/ft2] [4.26 x 10-3 centimeters per second {cm/
s}]).  The calculated value for storativity of the aquifer
underlying Site 31 may be several orders of magnitude low
based on the data from the short-term pumping tests
(TETC estimates a month-long pumping test would be
necessary to accurately calculate storativity).  Since
storativity values calculated from the aquifer test were not
considered representative of aquifer conditions, storativity
of the unconfined aquifer (specific yield) is approximated
by effective porosity (TETC 1994).  Storativity can be
approximated by effective porosity in unconfined aquifers
since storativity of an unconfined aquifer represents an
actual dewatering of the soil pores.  The average effective
porosity at the site is 25 percent (TETC 1994).   Because of
the heterogeneous and anisotropic nature of the alluvial
deposits at the site, the value of Kh is estimated to be an
order of magnitude greater than Kv.

In addition to the calculated hydraulic conductivity,
information was gathered on the pumping rate and
hydraulic gradient to estimate the time required for treated
water from the UVB system to travel to the outer perimeter
of the circulation cell.  The UVB system operated at a
pumping rate of about 20 gallons per minute (gpm) (75.7
liters per minute) during demonstration activities.  Water
level elevations measured before and during the UVB
demonstration showed that the potentiometric surface is
relatively flat with minor undulations of generally less
than 1 foot (0.3 m) across Site 31.  Based on the calculated
hydraulic conductivity, the pumping rate, and the
observed hydraulic gradient, it was estimated that treated
water from the UVB system would reach a radial distance
of 40 feet in 30 to 45 days.

A.1.2 Purpose and Goals

The overall purpose of the dye trace study was to achieve
the second primary objective stated in the UVB QAPP:  to
estimate the radius of circulation cell of the groundwater
treatment system (PRC 1993).  To estimate the radius of

circulation cell, both primary and secondary dye trace
study goals were established.  Primary goals were
considered critical to evaluate the radius of the UVB
system’s circulation cell.  Secondary goals provided
additional information that was useful for understanding
aquifer characteristics, but not critical for establishing the
radius of circulation cell.  These goals were achieved by
injecting dyes into the aquifer and subsequently
monitoring their movement by collecting groundwater
samples.

The primary and secondary goals for the dye trace study
are listed below (PRC 1994a).

Primary

• Demonstrate hydraulic interconnection between the
UVB system and distant sample locations

• Demonstrate circulation of groundwater within the
UVB circulation cell

• Estimate the radius of circulation cell of the UVB
system

Secondary

• Estimate maximum and average groundwater velocities
produced by the UVB system

• Quantify selected aquifer characteristics

A.1.3 Dye Trace Study Design

The dye trace study used water-soluble dyes that could be
detected both visually and by measuring the fluorescent
emissions resulting from ultraviolet light excitation.  The
dye trace study was based on PRC Standard Operating
Procedure 98, which was appended to the dye tracer study
plan (PRC 1994a).  The basic design for the dye trace study
was a two-dye approach consisting of injecting one dye
into the outlet of the UVB system (diverging test) and
injecting a second dye in well PW2 (converging test), the
intermediate depth well from the well cluster nearest the
UVB system.  A two-dye approach was selected to reduce
the time required to demonstrate circulation in the zone
between the UVB system and wells PW1 and PW2.

Sodium fluorescein (uranine or yellow-green xanthene)
was selected as the dye for the diverging test, in which dye
was injected in the upper screened interval of the UVB
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system and spread radially outward.  Rhodamine WT (red-
purple xanthene) was selected for the converging test, in
which a dye was injected in well PW2 and flowed back to
the lower screened interval of the UVB system.  Both dyes
are considered environmentally safe (EPA 1991).

Fluorescein was selected for the diverging test because
greater dilution occurs in a diverging test and this dye can
be detected at very low concentrations.  Greater dilution
occurs in the diverging test because the dye is expected to
diverge radially from the injection point with some
preferential movement in the downgradient direction (dye
in the converging test is expected to travel preferentially
toward the convergence point with some dye movement in
the downgradient direction).  Because fluorescein
fluoresces with a higher intensity than rhodamine WT,
fluorescein theoretically has a lower limit of detection on
a scanning spectrofluorophotometer. (Theoretically,
rhodamine WT has a lower limit of detection on a
fluorometer because rhodamine WT (1) has a narrower
emission bandwidth, and (2) the peak emission frequency
is higher than most naturally occurring background
fluorescence.)  Rhodamine WT dye was selected for its
contrasting fluorescent color (bright yellow-orange) as
compared to fluorescein (bright green).

The appropriate quantities of dye for this study were
determined by assuming a target concentration of 10
micrograms per liter  (µg/L) in the circulation cell and dye
recovery of only 1 percent.  A conservative estimate of dye
loss of 99 percent (1 percent recovery) was used to account
for adsorption, attenuation, and degradation of dye in the
aquifer.  The volume of water in the circulation cell was
estimated at 448,800 gallons (1,698,708 liters), and the
dyes were obtained in 7.5 percent (fluorescein) and 20
percent (rhodamine WT) solutions.  The minimum dye
quantities at these concentrations were thus calculated as
5.7 gallons (21.6 liters) of fluorescein and 1.89 gallons
(7.2 liters) of rhodamine WT (Appendix B).  The
movement of the dye was monitored by sampling wells
three times a week.  Monitoring wells within 50 feet (15.2
m) of the UVB system were sampled at a higher frequency
during the first week of the study.  Wells sampled
included:  W1, W2, PW1, PW2, PW3, PW4, PW5, PW6,
PW7, PW8, 31OW1, 31PW1, and 4MW14 (well locations
are shown on Figure A-1).  Well construction information
on these wells is provided in Table A-1.  Wells PW1
through PW6 were installed linearly downgradient of the
UVB system well.  Wells PW1 and PW4 are shallow
(screened 38 to 58 feet [11.6 to 17.7 m] below ground

surface [bgs]); wells PW2 and PW5 are intermediate
(screened 65 to 75 and 68 to 78 feet [19.8 to 22.9 and 20.7
to 23.8 m] bgs); and wells PW3 and PW6 are deep
(screened 90 to 105 and 91 to 106 feet [27.4 to 32.0 and
27.7 to 32.3 m] bgs).  The downgradient direction was
originally determined to be to the southwest based on a
preliminary contour map of November 1992 groundwater
elevations at Site 31 (TETC 1994).  New data collected
after the UVB system was turned off in December 1994
also shows that groundwater flow direction is to the
southeast.  A detailed discussion of the groundwater
gradient is presented in Section 3.3.

Sampling methodology consisted of using dedicated,
disposable bailers to collect groundwater samples from
the screened portion of each well.  Point source bailers
were used to collect the samples from wells not screened
across the water table.  The collected samples were
transferred to amber bottles for subsequent quantitative
analysis.  The quantitative results were confirmed by use
of activated carbon units (bugs) installed as passive dye
receptors in the screened interval of sampling wells.  The
bugs were changed weekly and qualitatively analyzed for
the presence of dye.

Analytical methodology included both field and
laboratory methods.  Field analysis consisted of visual
examination of water samples using both ambient and
ultraviolet lighting to examine for dye presence.  At low
concentrations (approximately 10  µg/L), both dyes were
readily visible with these simple methods.  Additionally, a
scanning spectrofluorometer was used in the on-site
laboratory for the analysis of fluorescent emissions.  The
scanning spectrofluorometer can detect lower dye
concentrations and is not significantly affected by
background interferences.

Wells were monitored for dye for 4 months.  This period
was the maximum duration deemed practical based on
conservative estimates of dye travel time from the UVB
system to outer perimeter well PW5.
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Figure A-1.  Well location map.
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Table A-1.  Well Construction Information and Sample Collection Depths
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This section describes the methods and procedures used
for field and analytical activities.  An overview of the dye
trace study is provided in Section 2.1.  The field sampling
activities are described in Section 2.2, and the analytical
activities are addressed in Section 2.3.

A.2.1 Dye Trace Study

The activities associated with the dye trace study included
(1) collecting background samples and evaluating
background fluorescence, (2) injecting the dye, (3)
collecting carbon bugs and groundwater grab samples, (4)
qualitatively analyzing carbon bug samples to determine
the presence or absence of dye, (5) quantitatively
analyzing groundwater samples to measure dye
concentrations, and (6) field and laboratory quality
assurance and quality control (QA/QC) samples and
calibration checks to measure accuracy, precision, and
instrument performance.

Background samples consisted of both carbon bugs from
wells PW1, PW2, PW4, and PW5, and grab samples from
all monitoring wells.  The carbon bugs were analyzed
qualitatively, and the grab samples were analyzed both
qualitatively and quantitatively.  Grab samples of
groundwater were collected from the wells three times per
week, and the carbon bugs were changed weekly.  The grab
samples were qualitatively analyzed by observation under
visual-ambient light conditions and under visual
ultraviolet light.  The grab samples also were analyzed on
a scanning spectrofluorometer to quantify the dye
concentration.  The carbon bugs were eluted and visually
inspected for the presence of dye.  The QA/QC program
consisted of field (equipment) and laboratory blank
samples, duplicate samples, matrix spike and matrix spike
duplicate (MS/MSD) samples, trip blanks (for the carbon
bugs), and calibration standards for each type of dye.  A

more detailed discussion of the field and analytical
activities is presented in the following sections.

A chronology of key events is provided in the following
summary:

• January 10, 1994: Carbon bugs installed for
background fluorescence study

• January 18, 26, and February 2, 1994: Groundwater
grab samples collected for background fluorescence
study

• January 26, 1994: Carbon bugs collected for
background fluorescence study

• January 27, 1994: Method detection limit study
conducted

• February 2, 1994: Background fluorescence study
conducted (analysis of background groundwater grab
samples and carbon bugs)

• February 8, 1994: Dye injected into groundwater
monitoring wells PW2 and W2

• February 8, 1994 through February 14, 1994:
Groundwater samples collected from wells PW1,
PW7, PW8, and 31OW1 at accelerated frequency (see
Section 2.2.4 for details)

• February 9, 1994: Groundwater samples collected
from wells W1, PW4, PW5, 4MW14, and 31PW1 at
normal frequency (three times per week)

• February 9, 1994: Fluorescein detected in well W1

• February 25, 1994: Well PW3 added to sample
collection locations

A.2 Methodology
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• February 25, 1994: Rhodamine WT detected in well
PW3

• March 28, 1994: Fluorescein detected in well PW1

• April 8, 1994: Fluorescein detected in well PW3

• April 27, 1994: Well PW6 added to sample collection
locations

• May 4, 1994: Rhodamine WT detected in well W1

• May 27, 1994: Sampling for dye trace study
terminated

A.2.2 Field Procedures

This section describes the procedures used for field
activities, including dye injection, sample collection
(including frequency and location), and the field QA/QC
plan.

A.2.2.1 Dye Injection

The liquid forms of fluorescein and rhodamine WT were
chosen to avoid potential mixing problems in the field.
The dyes were handled separately to avoid cross
contamination.  The dyes were injected on February 8,
1994.  Two gallons (7.6 liters) of rhodamine WT were
injected into well PW2 at 0950 hours, and 6 gallons (22.7
liters) of fluorescein were injected into well W2 at 1000
hours.  The dyes were injected through dedicated hoses to
control the depth of injection and to avoid dye loss on the
inside of the well casing.  The rhodamine WT was injected
into the bottom of the screen in well PW2 at a depth of 74
feet (22.6 m) bgs.  The depth for rhodamine WT injection
was selected to intercept the converging portion of the
circulation cell near the elevation of the UVB system
intake.  However, subsequent observations showed that
the dye was diluted across the entire water column in well
PW2, and that the injected dye did not remain in the
injection interval.  The fluorescein dye was injected at the
top of well W2, which was screened across the
groundwater table.  The depth for fluorescein injection
was selected to intercept the diverging portion of the
circulation cell near the elevation of the UVB system
discharge.  Observations of grab samples from W2 also
indicate that fluorescein was diluted across the entire
water column in the well (40 to 55 feet [12.2 to 16.7 m]
bgs).  The dilution of dye across the water column in both

injection wells (PW2 and W2) does not impact the study
goals since no groundwater was removed from either wells
during the course of the study with the exception of grab
samples.

A.2.2.2 Sample Collection

This section describes the sample collection procedures
for grab samples of groundwater and for the carbon bugs.

A.2.2.2.1 Grab Samples

Groundwater samples were collected from 15 locations in
13 wells (see Section A.2.2.4 for frequency and location
information).  The samples were collected by lowering
dedicated, disposable bailers to the required sampling
interval of the well screen.  To address concerns over the
frequency of purging effects on the UVB system flow field
and subsequent dye trace study results, purging of
monitoring wells was kept to a minimum and was
restricted to monthly groundwater sampling as specified
in the QAPP (PRC 1993).  Therefore, the groundwater
samples collected for the dye trace study were collected
without purging the wells.  Since the wells were not purged
before sample collection, the bailers were lowered and
retrieved with care to minimize mixing water between the
casing and screened sections of the well.  This approach
did not adversely affect the dye trace study results due to
the stability of the selected dyes and the frequency of
sampling.  On retrieval from each well, the collected
groundwater samples were poured into 250 milliliter (mL)
amber glass sample containers.

A.2.2.2.2 Carbon Bugs

The dye trace study used activated carbon passive dye
receptors known as “bugs” for collecting composite
samples for qualitative analysis.  The bugs provided visual
evidence of the presence of dye by adsorbing dye and then
releasing it when washed with an elutriate solution.  The
bugs accumulate dye even from very low concentrations in
the groundwater and, thus, provide confirmation of
positive detections at very low concentrations.  The bugs
were suspended by a teflon-coated wire line in the
screened interval of each well in the sample network.  The
bugs consisted of activated coconut charcoal, size 6 to 14
mesh, contained in packets made of nylon window screen.
Before use, the activated charcoal was kept fresh in airtight
containers.  On retrieval, each bug was sealed separately in
a plastic bag with a prelabeled sample tag attached.
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A.2.2.3 Background Samples

Groundwater grab samples were collected on January 18
and 26 and February 2, 1994, before dye was injected into
the aquifer.  In addition, carbon bugs were placed in wells
PW1, PW2, PW4, and PW5 for 16 days beginning January
10, 1994.  These background samples were collected to
evaluate interference from natural or introduced
background fluorescence.  The samples were collected as
described in Section A.2.2.2 and analyzed as described in
Section A.2.3.  The results of the analysis are presented in
Section A.3.1.1.

The background samples also were used to establish the
minimum detection limit (MDL) and reportable detection
limit (RDL) for the scanning spectrofluorometer used for
this study.  (A description of this unit is given in Section
2.3.2.)  Initial calibration standards ranging from 0.01 µg/
L to 100.0 µg/L were analyzed to evaluate the instrument
response, and the background samples were checked for
fluorescent emissions and interference at low concentrations
of dye.  Based on the instrument response and analysis of
the background samples, the RDL was established at 1 µg/
L and the MDL was established at 0.1 µg/L.  These
threshold limits were sufficiently low to measure the
target dye concentration of 10 µg/L.  The background
samples were stored as described in Section A.2.2.5 for
use as reference checks of background fluorescence.

A.2.2.4 Sample Collection
Frequency and  Location

The locations at which samples were collected during the
dye trace study are shown on Figure A-1.  Groundwater
grab samples were initially collected from 13 locations in
11 wells, and later from 15 locations in 13 wells after wells
PW3 and PW6 were added to the sampling well network.
Well PW3 was added on February 25, 1994, and well PW6
was added on April 27, 1994.  Wells PW3 and PW6 were
added to the sampling program to obtain additional data
from the deep portion of the aquifer at Site 31.  The sample
collection depths are summarized on Table A-1.  Samples
were collected from the top of the screened interval in
shallow wells W2, PW1, PW4, PW7, and PW8.  Samples
were collected from mid-screen in intermediate wells
PW2, PW5, W1, and 31OW1.  In wells 4MW14 and
31PW1, which have 40-foot (12.2 m) screen lengths,
samples were collected from the top of the screened
interval for the diverging trace study and from the bottom
of the screened interval for the converging trace study.

Wells PW3 and PW6 have 15-foot (4.6 m) screens and are
approximately 105 feet (32.0 m) deep.  Samples were
collected from mid-screen at a depth of about 98 feet (29.9
m) bgs.  Wells were sampled by increasing order of
anticipated dye concentration, with the anticipated highest
concentration wells sampled last.  (This approach
corresponds to sampling the outer perimeter wells first.)

In general, samples were collected from the sampling well
network at a frequency of three times per week on
nonconsecutive days.  A summary of the sampling and
analysis plan is presented in Table A-2.

However, shallow wells PW1, PW7, PW8, and 31OW1,
which are all located within 50 feet (15.2 m) of the UVB
system well, were sampled at an increased frequency
during the first week of the dye trace study.  The increased
sampling frequency occurred as follows:  (1) for the first
day, one sample per hour for the first 8-hour period, one
sample every 2 hours for the second 8-hour period, and one
sample every 4 hours for the third 8-hour period; (2) for the
second day, the wells were sampled once every 8 hours for
a 24-hour period; (3) for the third through fifth days, the
wells were sampled once per day.  This increased
frequency was used to monitor potential early dye
movement during the initial period of the study.

The carbon bugs were suspended at the top of the well
screen in shallow wells PW1, PW4, PW7, and PW8 and at
mid-screen for intermediate wells PW2, PW5, W1, and
31OW1.  Bugs were placed at both the top and bottom of
the 40-foot (12.2 m) screens in wells 4MW14 and 31PW1.
The bugs were changed on a weekly basis.

A.2.2.5 Field QA/QC

The field QA/QC program consisted of collecting MS/
MSD samples, equipment rinsate blanks, and trip blanks.
Groundwater grab samples were collected, handled, and
transported in accordance with the QAPP (PRC 1993).
The MS/MSD samples were collected at a frequency of
one pair for every 20 groundwater samples.  The
equipment rinsate samples were collected at a frequency
of one for every groundwater grab sampling event.  To
minimize the potential for cross contamination between
wells, disposable point-source bailers were used to collect
the groundwater samples from each monitoring well.
Sample integrity requirements outlined in the QAPP (PRC
1993) were followed with additional requirements for
sample storage and holding times.  Groundwater samples
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Table A-2.  Summary of Sample Collection and Field Management Program
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were placed in 250 mL amber bottles and stored in the dark
at 4°C to minimize dye destruction caused by ultraviolet
light.  In addition, the samples were analyzed within 14
days of collection, usually on the same day as collection.

A carbon bug trip blank was used to evaluate the potential
for dye contamination introduced in the field or during
transport.  The trip blank accompanied the sample carbon
bugs during installation and collection, and the trip blank
was analyzed in the same manner as the sample carbon
bugs.

A.2.3 Analytical Procedures

This section describes the procedures used for qualitative
and quantitative analyses of the samples.  Qualitative
analyses included observation of groundwater samples
and of elutriated carbon bugs under visual and ultraviolet
light conditions; quantitative analysis provided a
measurement of dye concentrations using a scanning
spectrofluorometer.  All samples were allowed to
equilibrate to the same temperature as the calibration
standards before analysis.

A.2.3.1 Qualitative Analyses

This section describes the qualitative procedures used for
the visual determination of the presence or absence of dye
under ambient light and visual-ultraviolet light conditions.

A.2.3.1.1 Visual - Ambient Light

The presence or absence of dye was first evaluated by
visual examination of each sample.  Visual assessment is
possible at low concentrations (about 10 µg/L) of the
selected dyes.  A sample aliquot was placed in a clear glass
container and viewed in a uniformly lighted area.  A white
backdrop was used to enhance dye identification.
Standards of prepared dye concentrations were used for
comparison.

A.2.3.1.2 Visual - Ultraviolet Light

The presence or absence of dye was further evaluated by
visual examination of each sample under ultraviolet light.
Visual assessment is possible at lower concentrations
(relative to ambient light) under ultraviolet light.  The
sample aliquot in the clear glass container was viewed
under long wavelength (365 nanometer [nm]) ultraviolet
light in a darkroom.  A dark backdrop was used to enhance

dye identification.   Standards of prepared dye
concentrations were used for comparison.

A.2.3.1.3 Carbon Bugs

The carbon bugs were analyzed as backup confirmation of
the presence or absence of dye in the groundwater
samples.  The carbon bugs were analyzed by elutriating the
charcoal and looking for the presence of dye on and above
the surface of the charcoal.  For this analysis, the charcoal
was placed in clear glass containers and viewed in a dark
room against a dark backdrop.  The elutriated charcoal was
viewed under both white light (by shining a focused beam
through the elution) and under ultraviolet light.  Because
the carbon bugs accumulate dye over time, very low
concentrations can be detected using this procedure.

For this study, the presence of absorbed dye on the
charcoal was determined using two types of elutriant:
KOH and Smart solutions.  The KOH solution consisted of
6 to 7 grams of potassium hydroxide dissolved in 100 mL
of 70 percent isopropyl alcohol.  The Smart solution
consisted of 38 percent ammonium hydroxide, 43 percent
1-propanol, and 19 percent distilled water.  The solutions
were prepared weekly as needed.

A.2.3.2 Quantitative Analysis

This section describes the procedures used for quantitative
analysis of groundwater samples to measure dye
concentrations.  The type of instrument used is described,
as well as calibration and QA/QC procedures.

A.2.3.2.1 Scanning Spectrofluorometer

A scanning spectrofluorometer was used to measure dye
concentrations in terms of degree of fluorescence.  For this
study, an Aminco SPF-500 was used.  An on-site building
was designated as an analytical laboratory during the
study.  A scanning bandwidth separation of 5 nm between
400 and 700 nm was selected for this study.  An excitation
bandwidth of 5 nm and an emission bandwidth of 10 nm
were used to produce and measure fluorescent emissions.
The maximum excitation frequency is 490 nm for
fluorescein and 555 nm for rhodamine WT, and the peak
emission frequency is 520 nm for fluorescein and 580 nm
for rhodamine WT.
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A.2.3.2.2 Calibration Procedures

Calibration of the spectrofluorometer required preparation
of known concentration solutions of the respective dyes
using distilled water.  Concentration steps did not exceed
an order of magnitude and were prepared for the expected
range of sample concentrations.  Using dye from the test
lot, a working solution of 100 µg/L was prepared for each
dye in accordance with published procedures (EPA 1988;
Wilson, et al. 1986).  From the working solutions, initial
calibration standards were prepared in the following
concentrations:  0.01 µg/L, 0.1 µg/L, 1.0 µg/L, 10.0 µg/L,
and 100.0 µg/L.  Calibration curves were generated for
comparison to sample measurements to obtain the
sample’s dye concentration.  The temperatures of the
samples and of the calibration standards were allowed to
equilibrate before equipment calibration and subsequent
analysis to minimize potential variations in fluorescent
intensity.

A.2.3.2.3 Laboratory QA/QC

The laboratory QA/QC program included MS/MSD
analyses and continuing calibration checks consisting of
laboratory blanks, laboratory blank spikes, and laboratory
blank spike duplicates.  Continuing calibration checks
were run at a frequency of 1 per every 10 samples and at the
end of each sample batch.  The continuing calibration
check samples consisted of distilled water and a spike of
both dyes at a concentration of 10 µg/L.  The acceptance
criteria was plus or minus 20 percent of the true value.  The
dye tracer study plan (PRC 1994a) required instrument
recalibration in the event the calibration verification fell
outside the acceptance criteria.  After each batch of
samples was analyzed, calibration of the instrument was
verified by a final calibration check.  In the event that the
final calibration check failed to meet the 20 percent
acceptance criteria, the instrument was recalibrated and
any samples analyzed since the previous acceptable
calibration check were reanalyzed.  All equipment
calibrations were made at the same sample temperature as
the groundwater samples.

Analytical accuracy was assessed by measuring the
percent recovery (%R) of MS samples.  Precision was
measured by comparing the results of the MS sample with
the MSD sample.  The calculation of the accuracy and
precision data quality indicators was performed in
accordance with the QAPP for the UVB demonstration
(PRC 1993).  There are no established quality assurance

objectives (QAO) for quantitative analysis of dye traces;
however, for this study, QAOs of 50 to 150 percent for %R
and 50 percent for relative percent difference (RPD) of MS
and MSD analyses were used (PRC 1994a).  These
acceptance criteria are based on similar QAOs established
for organic compounds under EPA’s contract laboratory
program.

The frequency of MS/MSD analyses was 1 pair per 20
groundwater samples.  Corrective action was implemented
when an analytical error was discovered or the established
acceptance criteria were not met.  Corrective actions
included:  recalibrating the instrument, reanalyzing the
samples (if within holding time), resampling and
reanalyzing the new samples, evaluating and amending
analytical procedures, or accepting the data with an
acknowledged level of uncertainty.
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This section provides a summary of qualitative and
quantitative analytical results for the dye trace study,
including QA/QC results.  An assessment of conformance
with the QAOs is presented by evaluation of %R and RPD.
The data are interpreted by qualitative and quantitative
evaluation methods.

A.3.1 Summary of Results

This section summarizes (1) qualitative and quantitative
results for the background fluorescent study, (2)
qualitative results for the carbon bugs and visual
examination of groundwater grab samples, (3) quantitative
results of spectrofluorometric analysis, and (4) QA/QC
results.

A.3.1.1 Background Results

Grab samples and carbon bugs were collected from select
groundwater monitoring wells before injecting dye into
the aquifer.  The results of the qualitative and quantitative
analyses of these samples are presented in Table A-3.
These results indicate that there were no detected
interferences from natural or introduced background
fluorescence.

A.3.1.2 Qualitative Results

After dye injection, grab samples of the groundwater were
collected for qualitative analysis with each carbon bug.
The qualitative analysis results were found to be the same
for visual observation of grab samples under ambient and
ultraviolet light and for elution of the carbon bugs.  These
results are summarized in Table A-4.  The results show
that rhodamine WT was visible in samples from well PW2
for the duration of the study.  Rhodamine WT was not
observed in samples from any other wells monitored with
carbon bugs.  Fluorescein was visible in samples from the

UVB system well (W1) for the duration of the study, and
fluorescein was visible in samples from well PW1
beginning April 4, 1994, for the remainder of the study
duration.  Quantitative analysis showed that fluorescein
was detected in samples from well PW1 on March 28,
1994 (one week prior to detection by the carbon bugs).  It
is believed that dye breakthrough in well PW1 occurred on
March 26 or 27, and that the concentration of dye adsorbed
onto the charcoal at the time of collection on March 28 had
not reached the visible threshold.

Different solutions were used to elute the carbon bugs for
fluorescein and rhodamine WT, as described previously in
Section A.2.3.1.3.  Throughout the study period, the
ability of both solutions to release both dyes from the
charcoal was visually compared to contrast the relative
performance of the KOH solution to release rhodamine
WT and of the Smart solution to release fluorescein.
Based on a review of literature, the KOH solution was
expected to be more effective for releasing fluorescein,
and the Smart solution was expected to be more effective
for releasing rhodamine WT.  However, no qualitative
difference was observed between the effectiveness of
either solution in releasing either type of dye.  Both
solutions worked well for releasing both types of dye.

A.3.1.3 Quantitative Results

The results of quantitative analyses are summarized in
Table A-5.  The results show positive determination of
fluorescein in UVB system wells W1 and W2, and in
monitoring wells PW1 and PW3.  Rhodamine WT was
detected in wells PW3 and W1.  The samples from all other
wells were below detection limits for both dyes.

Fluorescein was detected in samples from well PW1 on
March 28, 1994, the 48th day of the study.  The dye was
detected in samples from well PW3 on April 8, 1994, the
59th day of the study.  Rhodamine WT was detected in

A.3     Results and Data Interpretation
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Table A-3.  Qualitative and Quantitative Analysis of Background Grab Samples and Carbon Bugs
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Table A-4.  Qualitative Analysis of Grab Samples and Carbon Bugs
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Table A-5.  Quantitative Analysis of Grab Samples
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Table A-5.  Quantitative Analysis of Grab Samples (continued)
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Table A-5.  Quantitative Analysis of Grab Samples (continued)
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deep well PW3 on February 25, 1994, the 17th day of the
study, when the well was sampled for comparison with the
sampling well network results.  Wells PW3 and PW6 were
not included with the original sampling locations because
the deep wells were not expected to yield critical results
for evaluation of the circulation cell in the upper portion of
the aquifer.  Deep wells PW3 and PW6 were added to the
sampling well network after rhodamine WT was detected
in samples from well PW3.  Rhodamine WT was detected
in samples from UVB system well W1 on May 4, 1994, the
85th day of the study.  The rhodamine WT dye in UVB
system well W1 was detectable only during one other
sampling event (on May 6, 1994).

A.3.2 Data Quality

The scanning spectrofluorometer was initially calibrated
with five standards of each dye (0.01, 0.10, 1.0, 10.0, and
100.0 µg/L).  Calibration records are included in the
laboratory logbook notes provided in the Technology
Evaluation Report (TER) for UVB SITE demonstration
(PRC 1995).  Daily calibrations consisted of an 8-point
curve for fluorescein (1.0, 2.0, 5.0, 8.0, 10.0, 20.0, 50.0,
and 100.0 µg/L) and a 5-point curve for rhodamine WT
(1.0, 10.0, 20.0, 50.0, and 100.0 µg/L).  Calibration and
continuing calibration checks included blanks, blank
spikes (BS), and blank spike duplicates (BSD).
Continuing calibration checks were performed at a
frequency of 1 per 10 samples and at the end of each
sample batch.  Records of continuing calibration checks
also are included in TER (PRC 1995).  The results of
continuing calibration checks for both dyes show an
average instrument response difference from true
concentration of 5.4 percent for rhodamine WT and 16.7
percent for fluorescein.  These ranges are within the
established acceptable range of 20 percent.  The following
calculation was used to measure the instrument response
difference for the continuing calibration checks:

C
rs
 - C

cc

IRD =   X 100%
    C

rs

Where:

IRD = Instrument response difference
C

rs
 = Measured concentration in reference standard during

calibration
C

cc
 = Measured concentration in continuing calibration

sample (spiked at the same concentration as reference
standard)

The accuracy and precision of quantitative analysis was
tested by analyzing an MS sample and an MSD sample at
a frequency of 1 per 20 samples.  These results are shown
in Tables A-6 and A-7.  Due to laboratory error, MS/MSD
analysis did not begin until March 7, 1994.  On analysis,
matrix interference was found for fluorescein.  The
average %R for fluorescein was 245.5 percent, which is
outside the established acceptance range of 50 to 150
percent.  The high fluorescein %R range (between 99 and
360 percent) is attributed to either matrix interference in
the groundwater or instrument error, as discussed below.
The %R for rhodamine WT averaged 96.6 percent; none of
the rhodamine WT %R values fell outside the acceptance
range.  The RPD for fluorescein was 5.6 percent and was
2.7 percent for rhodamine WT.  The RPD for both dyes
was within the established acceptable range of 50 percent.

Instrument performance was checked by BS/BSDs.  The
%R for fluorescein was found to range between 15 and 170
percent with an average of 83.9.  The RPD for fluorescein
was found to range between 0 and 57.1 percent, with an
average of 14.0.  The fluorescein %R data for the BS/BSD
fell outside the acceptable range of 50 to 150 percent on 10
occasions; the fluorescein RPD data fell outside the
acceptable range of 50 percent only once.  The accuracy
deviations for fluorescein may not be entirely attributed to
instrument performance since the instrument calibration
and continuing calibration checks were within acceptable
limits.  In addition, the difference between fluorescein
average %R for MS/MSD (245.5) and BS/BSD (83.9) data
indicates a large influence due to matrix interference.

The rhodamine WT data BS/BSD results show that the %R
ranged between 77 and 110 percent with an average of
96.7, and the RPD ranged between 0 and 22.7 percent with
an average of 2.9.  The rhodamine WT BS/BSD data are all
within acceptable limits.

Corrective actions were implemented to identify and
correct the cause for the high fluorescein %R readings.
First, the instrument was recalibrated, and the samples
were reanalyzed.  However, no problems were found with
instrument calibration.  The sampling and analytical
procedures were evaluated for technical adequacy and to
identify potential deficiencies in the sampling and analysis
program.  The program was found to be technically
adequate, and no deficiencies were identified. Therefore,
the accuracy variance is attributed to matrix interference
in the groundwater (possibly from the volatile organic
compound [VOC] contamination).  Although background
samples did not show fluorescence from the VOCs in the
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Table A-6.  Fluorescein Quality Assurance/Quality Control Results
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Table A-6.  Fluorescein Quality Assurance/Quality Control Results (continued)
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Table A-7.  Rhodamine WT Quality Assurance/Quality Control Results
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Table A-7.  Rhodamine WT Quality Assurance/Quality Control Results (continued)
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emission range of fluorescein, the reaction of VOCs with
the dye may exaggerate the measured fluorescence.
Therefore, all fluorescein concentration values shown in
Table A-5 are considered estimated due to matrix
interference.  The matrix interference does not affect any
of the study goals since all the primary and secondary
goals are based on detection of the presence or absence of
dye rather than accurate measurement of dye concentration.

A.3.3 Data Interpretation

This section presents the results of the dye trace study.  An
overview of the hydrogeologic conditions affecting the
dye trace study results is provided in Section A.3.3.1.
Interpretation of the qualitative and quantitative results of
the dye trace study is addressed in Section A.3.3.2.

A.3.3.1 Hydrogeologic Conditions

Data collected during the dye trace study indicate that
hydrogeologic conditions at Site 31 exert a controlling
influence over the movement of groundwater and likely
the subsequent distribution of dye during the dye trace
study.  The primary hydrogeologic factors affecting the
dye trace study results are groundwater flow direction and
anisotropy and heterogeneity of the aquifer.

A.3.3.1.1 Groundwater Flow Direction

The downgradient direction of groundwater flow was
originally determined to be to the southeast based on a
preliminary contour map of the November 1992
groundwater elevations at Site 31 (TETC 1994).  This flow
direction corresponds to the general groundwater gradient
over the majority of the base, gently sloping to the
southeast.  After heavy rains during the winter of 1992-93,
an apparent change in groundwater flow direction was
observed at the site (TETC 1994).  This change was
interpreted to be in response to recharge along Heacock
Storm Drain, located along the eastern boundary of the
base.  Recharge from the storm drain appears to have
caused localized groundwater mounding, which in turn
locally affects the direction of groundwater flow.  The
mounding of groundwater in response to the recharge
appears to have temporarily redirected the groundwater
flow toward the west-southwest along the eastern portion
of the base, which includes Site 31.  However, wells west
of Site 31 appear not to have been affected by groundwater
recharge from Heacock Storm Drain, and data from these

wells continue to indicate a groundwater flow direction to
the southeast.

Groundwater level elevations were collected before and
during the UVB demonstration.  Based on contouring of
the groundwater elevations, the potentiometric surface
appears relatively flat with generally less than 1 foot (0.3
m) change of gradient across the entire area of Site 31.  Due
to the relatively flat gradient and the linear distribution of
groundwater monitoring wells at the site, the groundwater
flow direction could not be precisely determined.
However, groundwater levels measured during operation
of the UVB system suggest that wells PW1 through PW6
are downgradient (southeast) of the treatment system.
Since startup of the UVB system, additional wells
screened across the groundwater table have been installed
in the immediate vicinity of the treatment system.  These
additional wells will allow an accurate measurement of the
groundwater gradient once the UVB system has been shut
down.  The UVB system was turned off on December 4,
1994 and the groundwater elevation was subsequently
measured over a 7-day period until the measurements
stabilized.  The results of the December 9 measurements
indicate that groundwater flow is to the southeast.
Modeling of groundwater flow at March AFB by Tetra
Tech, Inc., suggests that the site is located at the
convergence of the two flow directions (PRC 1994c).  This
convergence appears to have caused a trough in the
groundwater gradient.  Several interpretations for the
change in gradient direction at the site have been proposed,
including shallow bedrock and structural discontinuity
(PRC 1994c).  However,  boring log data from the site
suggest that the depth to weathered bedrock on site
averages 100 feet or more, it is unlikely that bedrock
topography has significantly affected the groundwater
gradient direction at the site.  In addition, more recent data
show that temporary changes in groundwater flow
direction may result from precipitation and subsequent
recharge.

A.3.3.1.2 Anisotropy and Heterogeneity

In addition to the natural groundwater gradient direction,
the anisotropy and heterogeneity of the aquifer plays a
significant roll in controlling the movement of
groundwater and subsequent distribution of dye.  These
factors are magnified especially when an induced flow,
such as the UVB circulation cell, is placed on the aquifer.
Induced groundwater flow resulting from the UVB system
is influenced by the anisotropy and heterogeneity of the
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aquifer and locally may not flow in the normal
downgradient flow direction.

Since the aquifer consists of alluvial deposits, anisotropic
conditions are likely present.  The value of Kh at the site is
estimated to be an order of magnitude greater than Kv
(TETC 1994).  In addition to anisotropic conditions in the
alluvial deposits, structural controls, such as fractures and
faults, may significantly affect groundwater flow in the
aquifer.

During the UVB demonstration, a seismic reflection
survey was conducted at Site 31 by Tetra Tech, Inc.  A fault
was interpreted from the reflection data at a depth of about
100 feet (30.5 m) bgs trending northwest/southeast,
parallel to Graeber Street (Figure A-1).  The trend of this
feature roughly parallels the downgradient direction and
may influence groundwater flow.  The specific effects
caused by this feature were not investigated during the dye
trace study.  Additional information concerning the
identified feature can be found in the seismic reflection
survey prepared by Tetra Tech, Inc. (1993).

Recent unpublished geophysical investigative results
from March AFB support the presence of a fault at the base
(PRC 1994b).  Preliminary data from this investigation
appear to correlate with the seismic reflection survey
conducted at Site 31 by Tetra Tech, Inc.  This correlation
suggests that a well-developed fracture zone parallel to
Graeber Street (southeast trending) may be present.  If
present, this fault could provide a preferential conduit for
groundwater flow.  An interpreted zone of higher
conductivity is currently being used by Tetra Tech, Inc.,
for its base-wide groundwater modeling and appears to
provide the best match for the observed groundwater data
collected at the base (PRC 1994c).  This interpretation may
also explain the observed distribution of rhodamine WT
and fluorescein during the dye trace study.  A detailed
discussion of the interpreted linear discontinuity and site
anisotropy and heterogeneity is provided in the ITER

A.3.3.2 Interpretation of Dye Trace
Study Results

The results of the dye trace study provide both qualitative
and quantitative information.  This information provides
data that are used to demonstrate the hydraulic
interconnection between the UVB system and wells PW1,
PW2, and PW3, calculate aquifer characteristics and

groundwater velocities, and estimate of the radius of
circulation cell of the UVB circulation cell.

A.3.3.2.1 Interconnection of
Groundwater Flow

The presence of fluorescein dye in samples from wells
PW1 and PW3 shows interconnection between these
points and UVB system well W2.  Likewise, the presence
of rhodamine WT in samples from well PW3 shows
interconnection with well PW2.  The presence of
rhodamine WT in samples from UVB system well W1
indicates that a circulation cell has developed between the
UVB system and well PW2.  The absence of dye in any of
the surrounding wells, however, suggests that groundwater
movement is in the southwest direction, downgradient,
rather than within a well developed, symmetrical
circulation cell around the system.

The absence of rhodamine WT in samples from well PW1
and the absence of fluorescein in samples from well PW2
indicates an uneven distribution of dye within the UVB
circulation cell.  The uneven distribution of dye may
reflect different flow regimes due to heterogeneous,
anisotropic deposits, or the linear discontinuity discussed
above.  The screened intervals of wells W1, PW2, and
PW5 are in well-graded, fine to coarse sand with little fine
to medium gravel and no silt or clay-sized particles.  The
over- and underlying intervals are finer sands with some
silt.  The lack of dye mixing within the screened intervals
of wells PW1 and PW2 may be due to variable lithologies
in the aquifer system.  The presence of both dyes in
samples from well PW3 indicates that the flow regimes
mix in the deeper interval.  Because fluorescein was
detected in samples from well PW1 but not in samples
from well PW2, the fluorescein probably mixes into the
deeper interval between the UVB system and well PW1.
The mixing phenomenon in the deeper interval may be due
to the specific gravity of the dyes (fluorescein = 1.050,
rhodamine WT = 1.19).  Because the dyes are slightly
heavier than water, they may tend to sink under Site 31
conditions.  Also, because of the lack of dye mixing in well
PW2 (and the presence of rhodamine WT in UVB system
well W1), UVB system well W1 appears to draw water
from the intermediate interval, but not from the upper
interval.  The study results do not indicate whether
groundwater is drawn from the deeper interval.

Fluorescein breakthrough from UVB system well W2 to
well W1 occurred within 24 hours after dye injection,
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indicating a high degree of groundwater circulation within
the system (Figure A-2).  The concentration of dye in
samples from UVB system well W1 continued to increase
over the next 14 days until equilibrium was reached
between the UVB system wells (W1 and W2).  Using an
estimated Kv of approximately 9.05 gpd/ft2 (1.40 x 10-5

feet per second; 4.26 x 10-4 cm/s) (one order of magnitude
less than Kh), it is unlikely that fluorescein dye traveled a
minimum distance of approximately 8.8 feet (2.7 m)
vertically through the saturated sediments between wells
W1 and W2 within 24 hours.  This suggests that a
preferential pathway of groundwater flow likely exists.
Three potential preferential pathways were identified:
bridging of grout during well completion, leakage around
the packer, and conduits of flow in the aquifer.

Review of well completion logs suggests that during
grouting an adequate seal was emplaced between the two
well screens.  However, it is possible that conduits in the
seal (bridging) may have occurred during emplacement of
the bentonite chips.  The packer used to separate the upper
and lower screen intervals consisted of an inflatable rubber
tire with a hole in the center of the steel rim to house the
educter pipe.  The seal between the steel rim and educter
pipe is loose to allow the internal components of the UVB
system to move freely within the treatment well.  This seal
is a likely source of groundwater recirculation.  The third
possible source of groundwater recirculation is from
effects of the interpreted fault.  Conduits of flow, such as
fractures, may be associated with the fault.  These conduits
may be continuous between the upper and lower screened
sections of the UVB system well, causing a high degree of
groundwater circulation to occur.

A.3.3.2.2 Groundwater Velocities

The groundwater maximum velocity was estimated by
dividing the horizontal distance between the injection and
sampling point by the first arrival time of the dye at the
sampling point.  Dye breakthrough curves were drawn to
estimate first arrival and maximum concentration times
and to show the decline of dye concentration in the
injection wells (Figures A-2, A-3, and A-4).  The dye
breakthrough curves shown on Figures A-3 and A-4 do not
display typical bell-shaped patterns.  The shape of the
curves may reflect the nature of groundwater flow in the
porous aquifer (rather than channelized or conduit flow),
or the curves may become more typical with an extended
monitoring period.  (The dye concentration in well PW1
was rising at the end of the study period.)

Fluorescein breakthrough in well PW1 is shown on Figure
A-3.  The breakthrough occurred between March 25, 1994
(concentration < 1 µg/L) and March 28, 1994
(concentration = 230 µg/L).  Based on a travel time of 46
to 47 days and the distance between wells W2 and PW1
(35.18 feet [10.7m]), an estimate of the maximum
groundwater velocity is between 0.75 and 0.76 feet per day
(feet/day) (2.65 x 10-4 and 2.68 x 10-4 cm/s).  Based on the
shape of the breakthrough curve, the travel time for
maximum concentration is believed to extend beyond the
monitoring period of the study.  Because the average
groundwater velocity is calculated based on the travel time
for the maximum dye concentration, the average
groundwater velocity was not estimated.  The maximum
concentration travel time may be prolonged due to the
recirculation within the UVB system between wells W2
and W1, as indicated on Figure A-2.

The breakthrough curves shown on Figure A-4 represent
fluorescein and rhodamine WT concentrations in samples
from well PW3.  Because rhodamine WT was found in
samples from well PW3 on the first sampling event
(February 25, 1994), these data were not used to estimate
first time of arrival.  The appearance of fluorescein in well
PW3 on April 8, 1994, however, confirmed the maximum
groundwater velocity estimate provided by sample results
from well PW1 (45.3 feet/59 days = 0.77 feet/day [13.8 m/
59 days = 0.2339 m/day or 2.72 x 10-4 cm/s]).  The graphs
of dye concentrations in samples from well PW3 appear to
have leveled off, but the concentrations did not appear to
be declining at the end of the monitoring period.
Therefore, the well PW3 data do not provide a firm
estimate of the maximum concentration time or the
average groundwater velocity.

A.3.3.2.3 Radius of Circulation Cell

The results show that an elongated circulation cell
developed between wells W1 and PW2 over a distance of
about 40 feet (12.2 m).  Hydraulic interconnection was
demonstrated between wells W2 and PW3 over a distance
of about 45 feet (13.7 m); however, the results do not
indicate whether this interconnection is primarily due to
UVB system circulation or to groundwater flow in the
downgradient direction.  The absence of dye in wells other
than those installed in the downgradient direction
(southeast) shows that the circulation cell developed less
than 40 feet (12.2 m) in all other directions.  Furthermore,
the results may indicate that the circulation cell did not
develop at all in the other directions.  Thus, the area of
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Figure A-2.  Dye study results, system and injection wells.
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Table A-3.  Dye study results, well PW1.
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Table A-4.  Dye study results, well PW3.
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influence of the UVB circulation cell was shown to be at
least 40 feet (12.2 m) in the downgradient (southeast)
direction and less than 40 feet (12.2 m) in all other
directions.
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This section presents the conclusions regarding the
primary and secondary goals.

Primary Goals (PG)

• PG-1: Demonstrate hydraulic interconnection between
the UVB system and distant sample locations

This goal was achieved by analyzing passive receptors and
groundwater samples for fluorescein and rhodamine WT
from wells W1, W2, PW1, PW2, PW3, PW4, PW5, PW6,
PW7, PW8 31OW1, 31PW1, and 4MW14.  The results
show interconnection between the UVB system and wells
PW1, PW2, and PW3.  These wells are believed to be
downgradient of the UVB system.  The results show the
presence of a short-circuit circulation pattern between
wells W2 and W1, and an elongated circulation cell
between the UVB system and wells PW1, PW2, and PW3.
Although dye was not detected in the outer cluster wells
(PW4, PW5, and PW6) during the study period, it is
believed that dye movement will follow natural
groundwater flow in the downgradient direction toward
the outer cluster wells.  However, dye was not visibly
apparent in the outer cluster wells on February 1 and 2,
1995.

• PG-2: Demonstrate circulation of groundwater
within the UVB circulation cell

Confirmation of hydraulic interconnection between the
UVB system and wells PW1, PW2, and PW3 shows that
the UVB system is producing an elongated circulation
pattern in a downgradient direction.  Circulation of the
groundwater within the UVB system was verified by the
detection of fluorescein in samples from well PW1 and of
rhodamine WT in samples from UVB system well W1.
There is no indication, however, of a well-developed
circulation cell between the UVB system and remote wells
that are not downgradient of the system.  The uneven

distribution of dye within the aquifer suggests different
flow regimes in heterogenous, anisotropic deposits.

Based on the dye trace study results, it appears that a
narrow and elongated circulation cell may have developed
to a distance of at least 40 feet (12.2 m) in a downgradient
direction and less than 40 feet (12.2 m) in all other
directions.  However, the mixing aspect of the circulation
cell does not appear to be well developed.  In addition, the
movement of the groundwater appears to be driven in a
downgradient direction, rather than within a well-
developed circulation cell.

Secondary Goals (SG)

• SG-1: Estimate maximum and average groundwater
velocities produced by the UVB system

The maximum groundwater velocity was calculated
between wells W2 and PW1 and between wells W2 and
PW3.  The average groundwater velocity could not be
calculated because the maximum dye concentration peak
did not occur during the study period.  The prolonged
period of dye breakthrough is probably due to attenuation
of the dye in the aquifer.  Dye breakthrough occurred
between wells W2 and PW1 (a distance of 35.18 feet [10.7
m]) in 46 or 47 days.  The maximum groundwater velocity
is thus calculated to be between 0.75 and 0.76 feet/day
(2.65 x 10-4 and 2.68 x 10-4 cm/s).  Dye breakthrough
between wells W2 and PW3 confirms the maximum
groundwater velocity estimate.  The maximum groundwater
velocity between W2 and PW3 (a distance of 45.30 [13.8
m] feet in 59 days) is 0.77 feet/day (2.72 x 10-4 cm/s).

• SG-2: Quantify selected aquifer characteristics

The hydraulic conductivity between wells W2 and PW1
(Kh1) and between wells W2 and PW3 (Kh2) is calculated
in the following equation:

A.4     Conclusions
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ve
K =

 i

Where:

K = hydraulic conductivity
v = groundwater velocity (0.75 and 0.77 feet/day [2.65 x
10-4 and 2.72 x 10-4 cm/s] from SG-1)
e = formation porosity (25 percent [TETC 1994])
i = hydraulic gradient (0.014 April 1993 average gradient
[TETC 1994])

For wells W2 and PW1:

K
h1

 = (0.75 feet/day [2.65 x 10-4 cm/s])(0.25)/(0.014)
K

h1
 = 13.39 feet/day or 100.4 gpd/ft2 (4.72 x 10-3 cm/s)

For wells W2 and PW3:

K
h2

 = (0.77 feet/day [2.72 x 10-4 cm/s])(0.25)/(0.014)
K

h2
 = 13.75 feet/day or 103.1 gpd/ft2 (4.85 x 10-3 cm/s)

These measured values are only slightly higher than the
previously calculated average site Kh value of 90.5 gpd/ft2

(4.26 x 10-3 cm/s) (TETC 1993), and the measured values
compare favorably within the same order of magnitude
estimate.  The higher conductivity value obtained in this
study may reflect preferential flow in the downgradient
direction.  An estimate of the aquifer transmissivity is
calculated for a saturated thickness of 75 feet (22.9 m)
using the following equation:

T = Kb

Where:

T = transmissivity
K = hydraulic conductivity (100.4 and 103.1 gpd/ft2 [4.72
x 10-3 and 4.85 x 10-3 cm/s] from SG-2)
b = saturated thickness (75 feet [22.9 m])

For wells W2 and PW1:

T = (100.4 gpd/ft2 [4.72 x 10-5 m/s])(75 feet [22.9 m])
T = 7,530 gpd/ft (1.08 x 10-3 m2/s)

For wells W2 and PW3:

T = (103.1 gpd/ft2 [4.85 x 10-5 m/s])(75 feet [22.9 m])
T = 7,732.5 gpd/ft (1.11 x 10-3 m2/s)

These estimates are close to the previous calculations
average site value of 6,800 gpd/ft (9.75 x 10-4 m2/s) (TETC
1993).  The previous estimates based on the pump test of
well 31OW1 may reflect the average transmissivity of the
aquifer.  The estimates obtained under the dye trace study
may reflect preferential flow in the downgradient
direction.
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The MARCH AFB, SITE 31, AQUIFER TESTING
(TETC 1993) report contained data for a pumping test in
observation well 31OW1.  Well 31OW1 was pumped at a
constant rate of 8 gallons per minute (gpm) (30.3 liters per
minute).  After 1,212 minutes of pumping, well 31OW1
went dry at approximately 32 feet (9.8 meters) of
drawdown.  Within that time frame, identifiable
drawdown was observed in adjacent wells 31PW1 (50 feet
(15.2 meters) north of the pumped well) and 4MW14
(almost 64 feet (19.5 meters) northwest of the pumped
well).

Using the hydrogeologic parameters from the pump test
conducted at Site 31 and the distance-drawdown method,
the radius of circulation cell was estimated to be about 60
feet (18.3 meters).  The distance-drawdown method is a
modification of the Jacob straight line method to
determine the distance at which a pumping well does not
affect the water level.  This method is based on the Theis
equation and is valid for long pumping times and nearby
wells.

The distance-drawdown method averages the differences
of hydraulic conductivity measured in the wells due to
aquifer anisotropy and provides an estimate of the radius
of circulation cell under average conditions in the aquifer.
A distance-drawdown plot was drawn based on drawdown
and recovery data from the pump test of well 31OW1 and
using wells 4MW14 and 31PW1 as observation wells
(TETC 1993).  Using the distance-drawdown method, the
observed drawdown was plotted on an arithmetic scale
with distance plotted on a logarithmic scale.  A best fit
straight line was drawn through the data points until it
intercepted the zero drawdown line.  The 60-foot (18.3-
meter) estimate is considered approximate due to
variations in the observed drawdown data caused by
aquifer anisotropy.

Appendix AA
Estimation of Aquifer Characteristics
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The equation for calculation of dye volume is:

Dye Volume=
(Final Concentration)Water Volume to be Dyed)
(Dye Concentration)(Dye Specific Gravity)

Assume volume of water to be dyed is 60.000 cubic feet
(ft3) (1,699.2 cubic meters).

60,000 ft3 x 7.48 gallons/ft3=448.800 gallons
(1,699.2 cubic meters x 1,000 liters per cubic meter=
1,699,200 liters)

Assume final concentration is 10 micrograms per liter=
1 X 10-8

The specific gravity of rhodamine WT, 20 percent
solution, is 1.19; the specific gravity of fluorescein, 7.5
percent solution, is 1.050.

For rhodamine WT, 20 percent solution:

Dye Volume=
(1 x 10-8)(448,800 gallons [1,699,200 liters])
(0.20)(1.19)

0.0189 gallons (0.0714 liters)

Assume only 1 percent is recovered; 100 x dye volume =
1.89 gallons (7.1 liters)

For fluorescein, 7.5 percent solution:

Dye Volume=
(1 x 10-8)(448,800 gallons [1,699,200 liters])
(0.075)(1.050)

0.0570 gallons (0.2158 liters)

Appendix AB
Dye Concentration Calculations

Assume only 1 percent is recovered: 100 x dye volume =
5.7 gallons (21.6 liters)

=

=
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Appendix B1
In Situ Groundwater Remediation: Pilot Study of the UVB-Vacuum

Vaporizer Well, March Air Force Base, California
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Appendix B2
Case History of Hydrocarbon Remediation Using the

UVB Technology at a UST Site in Troutman, North Carolina
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